The exons, their boundaries, and approximately half of the intronic deoxyribonucleic acid of the rat serum albumin gene were sequenced. In addition to the 14 exons identified earlier by R-loop analysis, a small exon was detected between the "leader" exon (Z) and exon B. The leader exon encoded the 5'-untranslated portion of albumin messenger ribonucleic acid and the "pre-pro" oligopeptide present on the nascent protein. The sites of initiation and termination of transcription were tentatively identified by comparison of the 5' and 3' gene-flanking sequences with those of other eucaryotic genes. All 28 intron/exon junctions conformed to the "GT-AG rule" (Breathnach et al., Proc. Natl. Acad. Sci. 75: 4853-4857, 1978). The three homologous domains of albumin were encoded by three subgenes that consisted of four exons each and evolved by intragenic duplication of a common ancestor. The second and forth exons of each subgene appeared to be the result of an even earlier duplication event. We propose a model for the evolution of this gene that accounts for the observed patterns of exon size and homology.
The typical eucaryotic genome contains on the order of 10,000 structural genes. Although usually considered to be single copy, many of these genes, possibly all of them, are organized into families of sequences related by homology and sometimes also by function. These gene families have arisen by a long process of sequence duplication and mutational divergence of a relatively small number of ancestral precursors.
When the boundaries of a duplication event fall outside of the transcriptional initiation and termination signals (intergenic duplication), the result is the creation of a new gene. When the duplication boundaries fall within a transcription unit, an intragenic duplication has occurred, and a single gene has been expanded into a larger, internally redundant one. Analysis ofprotein sequence data has revealed many examples of this latter phenomenon (1) . It has also been demonstrated at the nucleic acid level for the mouse immunoglobulin heavy-chain constant region (41) , the chicken ovomucoid gene (38) , and rat serum albumin (35) . These proteins have periodic homology that constitutes portions of their amino acid sequence, the basic repeating unit ofwhich represents the vestige of duplicated ancestral sequence. It is instructive to consider such genes as a special variety of gene family whose members are fused into a single transcrip- tion unit and encode a single protein rather than a family of smaller polypeptides.
As mutations become fixed in a gene family, its members grow less homologous. When their messenger ribonucleic acid (mRNA) homology falls sufficiently low, the genes will become operationally single copy, as they will no longer be capable of cross-reaction in a molecular hybridization. Beyond this point, protein sequence analysis is needed to demonstrate relatedness. Direct analysis of the actual genetic deoxyribonucleic acid (DNA) sequence is an ideal measure of homology because related genes can retain statistically significant similarity even after their proteins appear to be unrelated. Furthermore, certain features of eucaryotic genes, particularly the pattern of interruptions by introns, are often very rigidly conserved, and these can be helpful in identifying extremely divergent gene families.
We used nucleotide sequence analysis of the rat serum albumin gene and its mRNA to elucidate the structural details and evolutionary history of this protein. We identified a "leader" exon at the 5' end of the albumin gene that encodes both the "signal" oligopeptide present on nascent albumin and most or all of the 5' untranslated portion of the mRNA. The sequences immediately flanking the albumin gene were compared with the equivalent regions of other genes, and possible sites for the initiation and termination of albumin gene transcription were thereby identified. The gene duplication events that are evident from the internal ho-Sequencing. Subclone plasmid DNA (or recombinant lambda phage DNA in the case of exons C and I) was freed from low-molecular-weight nucleic acid contaminants by exclusion from Sepharose CL2B, cleaved with an appropriate restriction endonuclease, dephosphorylated with bacterial alkaline phosphatase, and labeled at the 5' ends with T4 kinase and [y-32P]-adenosine triphosphate. After digestion with a second restriction endonuclease, labeled DNA fragments were isolated from agarose or acrylamide gels and purified of soluble contaminants as follows. The DNA, eluted into 0.1 M NaCl-10 mM tris(hydroxymethyl)aminomethane (Tris) (pH 7.4)-l mM ethylenediaminetetraacetic acid-0.1% sodium dodecyl sulfate, was bound to a 0.1-ml column of benzoylated diethylaminoethylcellulose (Boehringer Mannheim). This column was then washed with 3 to 5 ml of 0.2 M NaCl-10 mM Tris (pH 7.4), which removed essentially all non-nucleic acid contaminants. The pure DNA was eluted with 200 to 300 pl of 0.6 M NaCl-10 mM Tris (pH 7.4)-20% (vol/vol) ethanol and precipitated by addition of an equal volume of isopropyl alcohol and freezing in crushed dry ice for at least 10 min. DNA was sequenced according to minor modifications of the methods of Maxam and Gilbert (24) . The products of the G>A, A>C, C, and C+T reactions were electrophoresed on 0.4-mm 8% acrylamide gels (33) . Up to 450 nucleotides could be read from a single labeled site. Figure 1 shows the regions of the albumin gene that were sequenced.
RESULTS
Identification of intron/exon junctions and putative capping and polyadenylation sites by DNA sequence analysis. Figure 1 shows a revised map of the rat serum albumin gene. The sizes of the introns and exons are presented in Table 1 . Exons were identified and their sizes were inferred by comparison of genomic clone sequence data with the nucleotide sequence of the albumin complementary (cDNA) clones (35) . Most intron sizes were estimated by electrophoretic mobility on agarose or acrylamide gels and were accurate to approximately 5%. Introns CD, JK, and LM have been completely sequenced, so their precise sizes are known. This map is very similar to one presented previously (34) , which was based on electron microscopic analysis of R-loops. There are two significant differences. The exon presently designated "A" was not detected by the R-loop experiments, presumably due to its small size and proximity to the end of the restriction fragment used in the hybridization reaction. We renamed the first exon "Z" after establishing the correct structure of the 5' end of the albumin gene by sequence analysis. Also, the width of exon C was erroneously measured as 95 base pairs, which is less than half its actual size. This latter discrepancy is difficult to At the 5' end of exon Z, the sequences CCAAT and TATATT were found -120 and -65, respectively, from the ATG translation initiation codon. These are probably variants of similar sequences found about 80 and 30 nucleotides, respectively, upstream from the capping sites of most eucaryotic genes for which data are available (14) . On this basis, the most likely capping site of the albumin gene is one of the A residues in the region indicated in Fig. 2 . This assignment would predict that the distance from the cap to the second HindIII site of the albumin mRNA is about 650 nucleotides. We estimated this distance to be 600+/-20 nucleotides by alkaline electrophoresis of a cDNA preparation extended from a restriction fragment primer hybridized to the mRNA (T. Sargent, unpublished data). At the 3' end of the albumin gene, the putative polyadenylation signal sequence, AATAAA, was located 145 nucleotides from the termination codon (121 nucleotides from the beginning of exon N). Figure 2 also indicates the approximate 3' end of exon N, as determined by R-loop measurements, and the 3' end of the cDNA clone sequence. If the gene termini are in fact at the proposed position, this would give a total length of approximately 2,030 nucleotides for the non-polyadenylated portion of rat serum albumin mRNA, which is consistent with our earlier measurements (32) .
The intron/exon junction sequences of a large number of genes have been determined (23, 36) . almost always possible to define the splice junctions of an intron so that the first two nucleotides are GT and the last two AG [the GT-AG rule ; 7] . All of the albumin gene intron/exon junctions were similar to these models. Of the 14 introns, 6 had unambiguous splice junctions. The remamning eight had up to four potential splice sites due to a small amount of terminal redundancy in the intronic sequence. All six defined introns conformed to the GT-AG rule, and all of the eight ambiguous introns could be construed to do so (Fig. 3) .
Albumin (26) , and it is present in an intron in the 874 SARGENT ET AL. *********tA*GTGAGTA***** G **TYTYYYTCAGC*T********* onsensus:
A *********CAGGTAAGT****** **TYTYYYTCAGG*********** rat prolactin gene (20) and in repeated elements flanking the rat serum albumin gene (Sargent, unpublished data). Oligo cytidylate-thymidylate has been found in sea urchin histone gene spacer regions (40) . Intron EF contains only one tract of simple sequence, 28 T residues located 400 nucleotides from exon E. In addition, there are five tandem repeats of AAAAC plus several slightly mutated copies located 126 nucleotides into intron FG. As determined by hybridization oflabeled genomic subclone DNA to rat genomic DNA blots, the rat serum albumin exons and introns are single copy except for the repetitive regions mentioned above (Sargent, Ph.D thesis, 1981). The guanine-plus-cytosine content of albumin introns (43%) is significantly lower than the exonic level of 50%. The value for the whole rat genome is 42%, calculated from the melting temperature of rat DNA (8, 42) . There is a twoto threefold underrepresentation of the dinucleotide CG in albumin introns and exons, as has been observed in other eucaryotic DNA sequences (10) . Albumin gene consists of three homologous segments. The intemal periodicity of the albumin gene has been demonstrated by statistical analysis of its mRNA sequence (35) . The divisions in the mRNA sequence proposed on this basis corresponded to the boundaries between exons D and E and between exons H and L. Thus, the albumin gene was divided into three homologous subgenes (Fig. 4A) . Each contained four exons and corresponded to a structural domain of the albumin polypeptide (9) . In addition, there was a leader exon, Z, and a 3' untranslated exon, N, which did not fit into the threefold patem of homology. The small, partially translated exon M may be the remnant of a very early duplication event in albumin evolution (see Discussion and Fig. 6b ). Except for exon A, it appears that the corresponding exons of these subgenes have remained remarkably similar in size. There were a total of 19 positions where the same amino acid was present in all three subgenes. Of these, 10 were cysteine residues. The remaining nine were highly conserved in rat, human, and bovine serum albumins (24 of 27 possible triple matches). In general, the amino acid sequences encoded by the three rat albumin subgenes have diverged greatly. The average interdomain amino acid homology was only 20%. Figure 5 shows the best alignment of the polypeptides encoded by the various exons. Table 2 presents a summary of the intemal homology.
We found no evidence for conservation of intron sequences between albumin subgenes. The variations in the intron/exon junctions showed no particular pattem, nor was there any noticeable homology in the intronic DNA that was sequenced. The corresponding introns in each subgene were quite different in size (Fig.  4A) , suggesting that, as with globin genes (14, 26) , albumin introns tend to diverge relatively rapidly, both in sequence and in length. The repeated elements present in introns CD, DE, and EF were absent from the corresponding introns in other subgenes. DISCUSSION The structure of the rat serum albumin gene is not unlike that of other eucaryotic proteinencoding sequences that have been analyzed at the nucleotide level. The short blocks of sequences that are characteristic of DNA flanking the 5' and 3' ends of many eucaryotic genes are present at the positions predicted from the Rloop data, allowing us to infer possible sites of transcriptional initiation and termination on this basis (Fig. 2) . The AT-rich "Pribnow box" is evidently involved in the interaction between procaryotic genes and RNA polymerases (29) , and the similar sequences found upstream from eucaryotic capping sites may serve an equivalent purpose. At the 3' end of eucaryotic genes, the sequence AATAAA is usually found approximately 17 nucleotides upstream from the polyadenylation site, and thus may be involved in the specification of transcriptional termination (14, 30) . Strictly speaking, the functions of flanking sequences are not known. The conserved sequences upstream from the 5' end of 5S ribosomal RNA genes appear not to be involved in initiating transcription (31 Peptides encoded by the four sets of equivalent exons were aligned for maximal homology by introducing gaps in the shorter sequences. Two of three matches are denoted by an asterisk, and three of three are denoted by a double asterisk. The first 13 amino acids of exons E and I are absent from exon A. When a codon is split by an intron, it is awarded to the exon which includes two of the three nucleotides. The numerical amino acid and nucleotide homologies are summarized in Table 2 . (41) a The exons were aligned as shown in Fig. 5 . In each comparison, the total was taken to be the length of the shorter sequence; i.e., gaps were ignored in the tabulation.
consensus sequences that have been adduced by analysis of a large number of genes. An unusual property of albumin introns is the presence in introns CD and DE of the polydinucleotides AC and TC, which are repeated elsewhere in the rat and other genomes. Repeated sequences in introns might facilitate recombinations at these sites which could destroy the albumin gene. It would be interesting to know how long these simple intronic repeated sequences have been present. Human (J. W. Hawkins and A. Dugaiczyk, J. Cell Biol. 87: llla, 1980), mouse (19) , and chicken (18) albumin genes are under investigation in other laboratories, so it should be possible to answer this question soon.
Of course, it is possible that sequences other than the simple tracts are repeated in the rat genome. All hybridization data obtained to date are consistent with the interpretation that the repeated nature of introns CD, DE, and EF is due to these elements, but definition ofthe limits of a repeated sequence is difficult without extensive nucleotide sequence data from many diverse copies of the repeated element.
Relationship between exons and protein domains. Serum albumin consists of three structural domains of approximately 190 amino acids each (9). These polypeptide segments are similar in secondary and tertiary structure and exhibit weak but significant overall amino acid homology. The nascent protein also has a short "signal" peptide attached to the amino terminus. The periodic nature of the albumin gene is even more pronounced in the nucleic acid sequence of the mRNA, and is in turn reflected in an obvious way in the pattern of exon sizes. The three structural domains correspond to exons ABCD, EFGH, and IJKL, which we have named VOL. 1, 1981 subgenes 1, 2, and 3. The divergence at the protein and nucleic acid levels is extensive and nonuniform (Table 2) . Since the subgenes presumably result from saltatory duplication and the divergence timne for all exons within a given subgene is therefore identical, the relatively extensive conservation of some exons means either that there has been greater selection on these regions of the gene or that the basic mutation rate is different for each exon. Similar disparities in divergence have been observed in the exons of globin genes (14) .
A [17] ) and rats (15) (38) and conalbumin (11) genes and the bovine preproopiocortin gene (25) . Although the structures of the leader exons differ considerably, they do seem to encode an equivalent protein functional domain, the signal peptide. At the 3' end are two exons, M and N, that, like exon Z, seem not to be part of the subgenes. Exon N consists entirely of untranslated mRNA sequences, including the putative 3' terminus of the albumin gene. The significance of such an exon is not clear. Obviously, it has nothing to do with protein function, and 3' untranslated sequences tend to diverge more rapidly than the coding region. However, these elements are conserved to some extent (30), so they presumably have some significant, if unknown, role (37) . Exon N does have a function in the sense that its sequence includes the polyadenylation site. Exon M is partly translated-the termination codon, TAA, is included in its sequence, and it encodes the COOH-terminal 13 amino acids. It does show slight homology to the 5' third of exon I (15 of 40 matching nucleotides), which may be the result of one of the duplication events (Fig. 6) .
In summary, exon Z can be regarded as encoding a functional domain, i.e., the signal peptide, and the three subgene clusters clearly encode the three structural domains of albumin. Other correlations between the exons of the albumin gene and domains in the protein are probably not justified at present.
Evolution of the serum albumin gene. Perhaps the most striking aspect of the serum albumin gene is the clarity with which its evolutionary history is preserved in its sequence. Brown (9) inferred a triplex structure for this gene from the pattern of internal amino acid homology and concluded that the three structural domains evolved by duplication of a common ancestor gene. This hypothesis is strongly supported by our observations. Brown estimated the two duplications to have taken place 700 million years ago, an extrapolation from the amino acid sequence homology between domains and between human and bovine albumins and from the fossil record of mammalian radiation. This presumes that the selective pressures on albumin over the past 80 million years are indicative of the preceding billion or so, which may be incorrect and misleading. However, chicken serum albumin is approximately the same size as rat serum albumin (18) , so it may have a similar three-domain structure. If this is so, the domain duplications probably predate the bird-mammal divergence that occurred about 300 million years ago (44) .
Because the albumin gene is so complex, there are many plausible models that could explain its evolution. We have applied two principal criteria to advance one of these alternatives: (i) the number of recombination and rearrangement steps should be minimized; and (ii) the translational reading frame should be continuously maintained throughout albumin evolution. Any model will have to account for the observed patterns of internal homology, which we interpret as indications of sequence duplication, and also the 40-nucleotide difference in the sizes of exons A versus E and I.
Before the two duplication events, the "protoalbumin" gene may have had a structure similar to that shown in Fig. 4B ; a leader exon, four protein-encoding exons, exon M, and an untranslated exon equivalent to N. Because of the greater homology between protein domains I VOL. 1, 1981 and II, Brown concluded that domain III is the "oldest" and would represent the ancestral albumin gene. However, we believe that this is incorrect and that the proto-albumin gene was equivalent to the first subgene attached to the 5'-and 3'-terminal exons Z, M, and N. The reason for this conclusion is that if an exon equivalent to I or E were spiced to the leader exon Z, a frameshift would result, since exon Z terminates after the first nucleotide in a codon and exons I and E begin between codons, assuming that the GT-AG rule is and has always been followed ( Table 1 ). The leader exon could have been one nucleotide shorter before the duplications, but this would have to have changed when it became associated with what is now exon A. It is extremely unlikely that a frameshifted gene would survive long enough to become fixed in the population. Nor is there any obvious mechanism that could have simultaneously deleted 40 nucleotides from the 5' end of the ancestor to exon A and added a single nucleotide to the ancestor to exon Z. Therefore, we favor the hypothesis that exons Z and A have been associated all along; i.e., subgene 1 is the evolutionary precursor to the other two.
Subgene 1 has 3n + 2 nucleotides, and this was presumably the case when it represented the proto-albumin gene. As such, a simple intragenic duplication of exons a through 8 would result in a new second subgene that would be translated out of phase. Figure 6C illustrates a mechanism for the first subgene duplication that circumvents this difficulty. A recombination event between exon a and exon M of two different copies of the proto-albumin gene would duplicate the first subgene and transfer 40 nucleotides (3n + 1) to the 5' end of the new exon E. This accomplishes a simultaneous duplication and compensating frameshift, so the enlarged gene would encode a translatable protein. This model also explains the larger size of exon E versus exon A. The extra 40 nucleotides of exon e would not have been in the correct reading frame, and the 13 amino acids encoded by this DNA may serve merely as a linker polypeptide whose particular sequence is not important. This region of serum albumin is the most divergent segment of the protein when rat, human, and bovine albunins are compared, which is consistent with this interpretation.
Since subgene 2 has 3n nucleotides (currently 576), its duplication does not present a reading frame problem. This could be accomplished by recombination within introns 82M and & (Fig.  6D) . The result of this (Fig. 6E) The period represented by the space between Fig. 6E and 6F probably lasted at least 300 million years and involved the fixation of a large number of nucleotide substitutions as well as several 3-, 6-, 9-, and 12-nucleotide deletions and insertions in the albumin exons ( Table 1 1, 1981 882 SARGENT ET AL.
a paradigm for the evolution of all introns. It would also be interesting to know ifthe albumina-fetoprotein gene family exists as cluster of sequences, if it has additional members, and if mechanisms other than intragenic and intergenic duplications were involved in its evolution. Intragenic duplication has evidently been the principal evolutionary mechanism for the accretion of exons and introns by the ancestral precursor to the albumin (and a-fetoprotein) gene. According to our model, at least 10 of 14 introns and 10 of 15 exons were generated in this fashion. In view of the large number of proteins with internal periodicity (1), it is apparent that this has been an important evolutionary source of the complexity of eucaryotic genes and genomes.
